Positions of resonances for whispering-gallery modes (WGMs)
Whispering-gallery modes can be uniquely characterized by a set of three mode numbers, the radial mode number , the polar mode number , the azimuthal mode number and the polarization . In spherical cavities the modes with different azimuthal mode numbers are degenerate, however deformation from spherical shape leads to mode splitting. For a prolate or oblate spheroid the frequencies of WGMs can be approximately calculated using an asymptotic expansion
where = 1 for TE modes 1 ! for TM modes , and are equatorial and polar semi-axes of the spheroid, is wavenumber, ≫ 1, = − = 0, 1, 2, … and = 1, 2, 3, … are mode numbers, ! are negative -th zeroes of the Airy function and ! = ! / ! is relative refractive index, where ! is the refractive index of the spheroid and ! is the index of the surrounding medium.
For the case (Fig. 1e-g ) of a polyphenyl ether oil (PPE) droplet with 17 µm in diameter (l ≈ 135), the relative error between the approximate equation (1) and an exact solution for the mode wavelength 1 is less than 2 × 10 -4 , which corresponds to a diameter error of ~2 nm. The spheroid semi-axes were fitted to the experimental spectra to assuming ≫ and that the modes are adjacent to equatorial plane.
Free spectral ranges (FSRs) and Q-factors of WGM cavities inside cells
FSRs for different beads and droplets can be estimated from the measured diameters from their optical images and refractive indices given by the manufacturer or from literature. These values are compared to the FSR values measured from the optical spectra, as follows.
Adipocyte cell (Fig. 2d Small discrepancies between estimated and measured FSRs are mainly due to error in measuring the diameter of the beads from their microscope images and from the discrepancy between their real refractive index and the assumed values.
Q-factor of a sphere with finite radiative loss can be approximated as
where
For a 10.3-µm polystyrene bead in water, the theoretical Q-factor calculated using (2) is 20,400. Our measurement of a bead immersed in pure water showed Q = 5,000. The resolution of our spectrometer was 0.1 nm, which limits the maximum Q-factor that can be measured to ~5,000. For the same polystyrene bead in a cell, the calculated Q-factor is 18,100, whereas our measurement of a bead inside a live cell indicated Q = 2,100. A Q-factor of 2,100, the intracavity light makes about 5.5 round trips before the energy decays to 1/e (37%) of its initial value. The fractional power loss per round trip is 17%.
Heating and temperature rise by a micro-laser
The total pump energy absorbed by a microsphere or droplet depends on the size and concentration of the fluorescent dyes it contains. Since the extinction coefficients of fluorescent dyes are typically 50,000-90,000 M -1 cm -1 , a bead that has a diameter of greater than 10 µm and dyes at a concentration of 1 mM absorbs >70% of incident pump energy. Of the total absorbed energy, a fraction of it is converted into heat, which is given by one minus quantum yield (QY). With typical QY of 0.5-0.7, 30 to 50% of absorbed energy turns into heat. At pump pulse energy of 1 nJ onto the area matching the size of a microresonator, assuming 90% is absorbed and 50% of it is converted to heat, the total heat energy produced is 0.45 nJ.
Case I: for an oil droplet with a size of 20 µm (3.8 ng) and a specific heat of 1.8 J g In both cases, heat diffusion to the surrounding medium (water) is negligible due to the short duration (5-10 ns) of the pump pulse. In the experiment, the period of pump pulse was 0.1 s, long enough for the heat deposit in the microresonator is fully dissipated to the surrounding. Therefore, the equilibrium temperature of the surrounding, which serves as heat reservoir, would be little affected. ΔT calculated above represents merely a peak rise that persists for a short (< 1 µs) duration of time. A peak rise of 10-20 °C may cause the degradation of some proteins in close distance (<1 µm). It is highly unlikely that the short-lasting temperature rise will cause cytotoxicity. Nonetheless, the temperature rise during the operation of intracellular laser is an important factor to consider to avoid detrimental biological effects or in the interpretation of the output characteristics.
Sensitivity of WGMs to temperature and external refractive index change
For tagging application, the sensitivity of the resonance frequencies of a microresonator to the ambient temperature must be considered. The sensitivity to temperature of polystyrene beads can be estimated from the material properties of polystyrene. The coefficient of linear expansion of polystyrene is 7 to 8 × 10 -5 /°C and, its relative index change is -8.2 × 10 -5 /°C. Therefore, these two effects almost cancel out each other. Indeed, our measurements show a mode shift of only 3 pm/°C for a bead immersed in pure water. This corresponds to a diameter error of 60 pm/°C for a 10 µm bead. This temperature-dependent effect is well within the proposed diameter interval of 2 nm. We note that in mammalian cells in culture or in vivo, the ambient temperature is kept constant at 37 °C within few degrees.
WGMs are also sensitive to changes in external refractive index. However, the variation is orders of magnitude less than 2 nm in most practical applications when high-index beads are used. Furthermore, the mode shifts caused by change in outside refractive index could be entirely eliminated by coating the beads with low refractive index cladding. 
Droplet deformation and intracellular force measurement
The semi-axes a and b are calculated from the mode splitting for different time points in Fig. 1f . The average eccentricities for live and dead cells (Fig. 1f) are 0.25 and 0.23, respectively. Laplace's law is used to calculate approximate force acting on the droplet:
where δσ 1 and δσ 2 are the asymmetric components of the normal stress at the equator and the pole, respectively, and H 1 and H 2 are local mean curvatures of the equator and pole, respectively, given by H 1 = (a 2 +b 2 )/(2ab 2 ) and H 2 = b/a 2 . When a ≈ b (i.e. e 2 <<1), 
In this case, equation (4) leads to Δσ = (4γ / a) f , where f = (a-b)/a denotes the flattening of the spheroid or the relative difference between the semi-major and minor axes.
Intracellular sensing
Alexa Fluor 488 coated soda lime glass beads were incubated with HeLa cells as described above. A cell containing a single bead was illuminated by the 455-nm blue LED and the spectrum was recorded every 30 s. After 20 min, 25 µL of pre-warmed PBS supplied with 160 g/L NaCl was mixed into 2 mL of full growth medium containing the cells. The final concentration of NaCl therefore increased from 8 g/L to 10 g/L. Shortly after the cells are exposed to the change in the osmolarity they can be approximated as ideal osmometers following Boyle-van't Hoff law. When changing the osmotic pressure from an initial value Π ! to Π, the cell volume can be written as
where ! is the initial cell volume and is the non-water fraction of cell volume. In our experiment, the osmolarity is changed from 298 mOsm/L to 366 mOsm/L. For HeLa cells 
where ! is the refractive index of water and ! and are the initial and final concentrations of the solutes in the cell. The change in refractive index calculated from the volume change is 7.6×10 -3 .
The spectral shift of a soda lime glass spherical bead of a given diameter when the surrounding refractive index is changed can be calculated using equation (1) . For a diameter of 18 µm, the spectral shift is 35 nm/RIU. We can track the position of WGM modes with a precision of 10 pm, which translates to a refractive index change of 2.9×10 -4 . In the experiments we observed initial spectral shifts of the modes of 0.36 nm when increasing the osmolarity (Fig. 4f) , which corresponds to a 1.0×10 -2 change in the refractive index. The addition of NaCl also increase the refractive index of the medium by 3.6×10 -4 and the corresponding mode shift is 1.3×10 -2 nm, which is approximately 30 times less than observed. . The calculated bead diameters fall into four distinct groups separated by ~100 nm corresponding to the free spectral range of the mode structure. Whenever the number of lasing modes is less than 3 to 4, the fitting algorithm is unreliable and does not always accurately produce correct mode numbers. (Below threshold in a non-lasing regime, such a problem is avoided since there are more modes available for fitting; see Supplementary Fig. 3 ). d, Zooming in on one of the groups shows an remarkably narrow diameter distribution with a width of only 2 pm. e, Calculated diameter map. f, Spectra taken from three different points on the hyperspectral image. A small quantity of phosphate buffered saline (PBS) was added to the cell growth medium with similar NaCl concentrations at t=0. The injection induced a small but measureable perturbation in t=0 to t=2 min. This measurement represents a control for the data in Fig. 4f in the text. 
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